Introduction: Amyloid-b (Ab) clearance is important for damage prevention in Alzheimer's disease. We investigated the utility of Ab clearance proteins as biomarkers for mild cognitive impairment (MCI). Methods: Serum apolipoprotein (apo) A-I, compliment protein C3 (C3), transthyretin, and cholesterol levels were measured in 273 subjects, and we analyzed the relationship between these levels and brain atrophy and cerebral blood flow in 63 clinically diagnosed mild cognitive impairment, Alzheimer's disease, and nondemented disease control subjects.
Introduction
Alzheimer's disease (AD) is the most common type of dementia and is marked by progressive memory loss and cognitive impairment. The prodromal stage of dementia, mild cognitive impairment (MCI), provides a critical opportunity for potential intervention to prevent the onset of dementia. Detection of the disease at the early stages by blood-based biomarkers is important in the prevention of AD.
Amyloid-b peptide (Ab) is a cleavage product of the transmembrane protein, amyloid precursor protein (APP), by b-and g-secretases. Mutation of the presenilin 1 and 2 genes causes familial AD. Such genetic alterations increase the production of Ab and trigger the pathogenic process leading to early-onset AD. Overproduction of Ab in mutation carriers contributes to Ab accumulation. However, in late-onset sporadic AD, imbalance between Ab production and clearance may contribute to the onset of the disease. Dysfunction of Ab clearance due to aging contributes to accumulation, aggregation, and deposition of Ab 42 in the parenchyma in sporadic AD [1] .
The progression of AD pathogenesis is gradual and presents as a spectrum without any clear event defining the onset of the disease, and it is challenging for clinicians to identify the transition of patients from MCI to AD and from the nondemented disease control (NDC) state to MCI. Blood tests that assess cognitive decline using biomarkers are the least expensive method and least invasive modality for disease screening and monitoring of progression.
Advanced neuroimaging techniques provide supportive evidences for the clinical diagnosis of AD and other types of dementia. Voxel-based morphometry in magnetic resonance imaging (MRI) allows for detection of regional volume changes in AD [2] . Automatic statistical analysis of brain perfusion can be conducted using single-photon emission tomography (SPECT), which detects reductions in regional cerebral blood flow (rCBF). In the early stage of AD, perfusion reduction in the regions of interest (ROIs), namely the posterior cingulate gyrus, precuneus, and the parietal cortex, was observed [3] . Brain perfusion SPECT in the angular gyrus, inferior parietal cortex, and precuneus was found to be correlated with cerebrospinal fluid (CSF) total tau (t-tau) and phosphorylated tau (p-tau) [4] . Medial temporal structure atrophy and rCBF reduction reflects disease progression in AD.
Our previous longitudinal and cross-sectional studies using independent cohorts revealed that a combination of sequester proteins, apolipoprotein A-I (apoA-I), transthyretin (TTR), and compliment protein C3 (C3), which are involved in Ab clearance, could distinguish AD and MCI from NDCs [5] . In this study, to confirm the clinical utility of these Ab clearance proteins in cognitive impairment, we analyzed the serum levels of these biomarkers in early (E)MCI, late (L)MCI, and NDC subjects using conventional immunoassays used in clinical laboratories and further examined the relationship between these biomarkers and neuroimaging and blood test data.
Methods

Subjects
A total of 273 blood samples were collected from Uji Hospital, Kyoto, for this prospective study. Written informed consent was obtained from each participant, and all samples were rendered anonymous before laboratory analysis. Among the subjects, 63 proceeded to further clinical diagnosis involving interviewing of both the patients and their families, apolipoprotein E (APOE) genotyping, and MRI and SPECT imaging. MRI was used to evaluate atrophy of the medial temporal structures. SPECT imaging was used to assess cerebral blood flow in the parietal lobe, posterior cingulate gyrus, and precuneus. Subjects with any psychiatric illness according to the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) criteria were excluded from this study.
Petersen's criteria were used to diagnose MCI [6] . Subjects with MCI were further classified into EMCI and LMCI based on the Mini-Mental State Examination (MMSE) score and objective neuroimaging parameters obtained by MRI and SPECT. Subjects with MCI who had an MMSE score 27-30, or atrophy of medial temporal structures, or decreased rCBF were classified as having EMCI. The subjects with MCI who had an MMSE score 24-30, and atrophy of medial temporal structures, and decreased rCBF were classified as having LMCI.
In this study, to compare the early stages of cognitive decline, an NDC was defined as having a MMSE score of 30, and no atrophy of the medial temporal structures as evaluated by MRI, and no rCBF decrease as evaluated by SPECT. AD was defined according to the DSM-IV criteria, and with an MMSE score of ,24, and atrophy of medial temporal structures, and decreased rCBF.
Serum sampling and brain tissue sampling
Blood was sampled from the cubital veins of the subjects and placed into blood collection tubes (Venoject-II Autostep; Terumo Corporation, Tokyo, Japan). Serum was obtained after coagulation of the samples for 30 min at 22 6 2 C and then centrifuged at 1300 ! g for 10 min at 20 C. The serum samples were then transferred to 2.0-mL tubes (Sumitomo Bakelite, Tokyo, Japan) and stored at 280 C until further use. The hippocampi of nine non-AD and 20 AD autopsy specimens were obtained from Fukushimura Hospital (Toyohashi, Japan). All protocols in the present study were approved by the ethics committee of each institute. Written informed consent was obtained from the subjects and/or their relatives.
Immunoassays of sequester proteins
Serum concentrations of apoA-I and TTR were determined by a turbidimetric immunoassay using ApoA-I Auto N'Dai-ichi' (Sekisui Medical, Tokyo, Japan) and N-Assay TIA Prealbumin Nittobo (Nittobo Medical, Tokyo, Japan), respectively. The native form of C3 (nC3) was assayed by a sandwich enzyme-linked immunosorbent assay established in our laboratory. The active form of C3 (aC3) was quantified by enzyme-linked immunosorbent assay (Nittobo Medical). Low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol (TC), and triglyceride levels were measured by enzymatic methods using commercial kits (Sekisui Medical). Blood glucose and HbA1c were also measured by enzymatic methods using Serotec GLU-L (Serotec, Sapporo, Japan) and CinQ HbA1c (LSI Medience Corp., Tokyo, Japan), respectively. The APOE genotype was determined as follows: after 40-cycle amplification, the polymerase chain reaction product was digested with the restriction enzyme HhaI and subjected to electrophoresis in a 10% polyacrylamide gel [7] .
Magnetic resonance imaging
The voxel-based specific regional analysis system for Alzheimer's disease (VSRAD) allows for measurement of atrophy in the target ROI, the medial temporal structures, involving the entire region of the entorhinal cortex, hippocampus, and amygdala. The severity of atrophy was obtained by summing the positive z-score in the target ROI/ total voxel in the target ROI [2] . The assessment of atrophy was performed using the following scores: normal (0-1), mild (1-2), moderate, and severe (.2).
Single-photon emission tomography
Regional CBF was evaluated using SPECT. The zscore was also used to compare subjects using SPECT. Statistical analysis of perfusion reduction was conducted. The severity of perfusion reduction in the ROIs (the posterior cingulate gyrus, precuneus, and parietal cortex) was calculated by the following equation: severity 5 sum of the positive z-score in the target ROI/total voxel in the target ROI [3] . Fig. 1 ).
Immunohistochemistry of complement proteins and Ab 42 in human brain specimens
Immunohistochemical staining for C3 was carried out on paraffin-embedded tissue sections using two types of primary antibody. One was an in-house antibody that recognized only the native form of C3, and the other was a monoclonal antibody that detects C3b chains (Santa Cruz Biotechnology, Dallas, TX). Senile plaques were stained with anti-Ab 42 antibody purchased from ImmunoBiological Laboratories Co., Ltd. (Fujioka, Gunma, Japan). Non-AD sections exhibited no Ab 42 -positive staining. Tissues were examined using an ECLIPSE Ni-U microscope (Nikon, Tokyo, Japan) and NIS-Elements BR software (Nikon). The mean intensity of the stained region in specimens was quantified by Image-Pro Premier (Roper Technologies, Sarasota, FL). Abbreviations: VSRAD, voxel-based specific regional analysis system for Alzheimer's disease; nC3, native form of C3; aC3, active form of C3; TTR, transthyretin; TC, total cholesterol; TG, triglyceride; BS, blood sugar; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; NDC, nondemented disease control; AD, Alzheimer's disease.
*Kruskal-Wallis test. Significant differences among 3 groups NDC, EMCI, and LMCI are indicated.
Holm-Bonferroni test. Significant differences in NDC vs. LMCI were observed in aC3/nC3 ratio (P 5 .01714), C4 (P 5 .00408), apoA-I (P 5 .01576), HDL (P 5 9.6E-04), triple-marker score (ApoA-I, TTR, nC3) (P 5 1.0E-04), and triple-marker score (ApoA-I, TTR, aC3/nC3) (P 5 3.9E-04).
x Holm-Bonferroni test. Significant differences in NDC vs. EMCI were observed in C4 (P 5 .00585), apoE (P 5 .01841), triple-marker score (ApoA-I, TTR, nC3) (P 5 .02672), and triple-marker score (ApoA-I, TTR, aC3/nC3) (P 5 .01417).
{ Holm-Bonferroni test. Significant differences in EMCI vs. LMCI were observed in HDL (P 5 .01311), LDL (P 5 .01737), and TC (P 5 .00106). 
Statistical analysis
A P value .05 was considered significant. For comparisons among more than two groups, the KruskalWallis test was used. Bonferroni correction was applied when two groups were compared. Relationships between the analytes and MMSE scores were analyzed with bivariate correlations using Pearson's correlation coefficients. Origin software (ver. 7.5, OriginLab Corp., Northampton, MA) and MedCalc (ver. 9.3.9) (MedCalc Software, Mariakerke, Belgium) were used to perform the statistics analyses. The least absolute shrinkage and selection operator (LASSO) modeling using the glmnet package (ver. 1.9-5) for R (ver. 3.1.0; R Foundation for Statistical Computing, Vienna, Austria) was used to evaluate the combination of multiple biomarkers. Table 1 provides the serum levels of analytes among the NDC, EMCI, LMCI, and AD groups. As only four subjects were diagnosed with AD, they were excluded from further statistical analysis. The significant differences among the three groups (NDC, EMCI, and LMCI) are presented in Fig. 1A . The apoA-I level (P 5 .01667) and aC3 to nC3 ratio (aC3/nC3) (P 5 .01714) were significantly changed in LMCI compared with NDC subjects. The value of the triple marker of apoA-I, aC3/nC3, and TTR was significantly higher in EMCI (P 5 .01417) and LMCI (P 5 3.9E-4) than NDC subjects. Lower HDL levels (P 5 9.6E-04) in LMCI than NDC subjects, and lower TC levels (P 5 .00106) in LMCI than EMCI subjects were observed. As shown in Table 1 , the C4 levels showed increasing trends in EMCI and LMCI compared with NDC subjects (P 5 .00905).
Results
Clinical performance of a set of sequester proteins as biomarkers for EMCI and LMCI
The clinical potentials of apoA-I, aC3/nC3, and TTR, which could discriminate LMCI from NDC, were as follows (Table 2 and Fig. 1B )-apoA-I: area under the curve (AUC) 5 0.77 (P 5 .0011), sensitivity 70%, specificity 80%; TTR: AUC 5 0.68 (P 5 .0839), sensitivity 70%, specificity 70%; nC3: AUC 5 0.74 (P 5 .0088), sensitivity 74%, specificity 80%; and aC3/nC3: AUC 5 0.79 (P 5 .0002), sensitivity 83%, specificity 60%. The triple marker of apoA-I, TTR, and nC3 based on the LASSO regression analysis demonstrated high clinical potential in LMCI vs. NDC subjects with AUC 5 0.86 (P ,.0001), sensitivity 78%, and specificity 90%, and in EMCI vs. NDC subjects with AUC 5 0.67 (P 5 .0546), sensitivity 58%, and specificity 70%. Furthermore, the triple marker of apoA-I, TTR, and aC3/nC3 showed higher clinical potential in LMCI vs. NDC subjects with AUC 5 0.89 (P , .0001), sensitivity 83%, and specificity 90%, and in EMCI vs. NDC subjects with AUC 5 0.73 (P 5 .0087), sensitivity 58%, and specificity 80%.
Subjects were divided into APOE ε4-positive and APOE ε4-negative groups. The APOE ε4-positive group had significantly lower levels of serum apoA-I (P 5 .01635) and apoE (P 5 .01945) and higher scores in the triple markers (P 5 .0091, P 5 .00186) than did the APOE ε4-negative group. APOE ε4 did not affect the serum levels of other analytes (Supplementary Table 1 ).
MMSE scores and serum levels of biomarker proteins
We categorized all 273 subjects according to the MMSE score into four groups [score 27-30 (n 5 208), 24 Table 2 and Supplementary Fig. 2 ). ApoA-I (P 5 .00345), TTR (P 5 5.75E205), HDL (P 5 .00134), and TC (P 5 8.77E-05) were significantly lower in subjects with lower MMSE scores. Significant correlations were observed between TTR (r 5 0.30449, P 5 2.89E-07), apoA-I (r 5 0.24329, P 5 4.86E-05), HDL (r 5 0.26565, P 5 5.25E-05), LDL (r 5 0.14556, P 5 .02869), and TC (r 5 0.29819, P 5 5.06E-06), and the MMSE scores (Supplementary Table 3 ).
Relationship between blood biomarkers and atrophy of the medial temporal structures
Atrophy of the medial temporal structures of 63 clinically diagnosed MCI, AD, and NDC subjects was measured by the semiquantified VSRAD score and divided into three groups; VSRAD 0-1, VSRAD 1-2, and VSRAD .2. ApoA-I (P 5.01801) and C4 (P 5.01239) were significantly elevated according to the VSRAD score (Supplementary Table 4 ). We further investigated the relationship between the hippocampal volume and the peripheral levels of biomarker proteins ( Fig. 2A) . Significant correlations between brain atrophy and apoA-I (r 5 0.33916, P 5 .00803) and HDL (r 5 0.33388, P 5 .02181) were observed.
Relationship between rCBF reduction and serum biomarker levels
We compared the levels of rCBF reduction in agematched NDC, MCI, and AD subjects. Perfusion reduction in the posterior cingulate gyrus, precuneus, and cortex was observed in the early stage of AD (data not shown). Next, rCBF reduction was classified into four categories: SPECT A, B, C, and D as described in Methods. The data of 63 subjects, after exclusion of three subjects who were classified as SPECT D, were statistically analyzed with regard to differences in biomarker levels among the three groups (SPECT A, B, and C) ( Table 3 and Fig. 2B ). The serum levels of aC3 (P 5 .04283), apoA-I (P 5 .00664), HDL (P 5 .00952), TC (P 5 .00303), and the triple marker of apoA-I, TTR, and aC3/nC3 (P 5 .00939) underwent significant changes in the patients with severe reductions in rCBF.
Immunohistochemical staining of C3 in human brains
We performed immunohistochemical staining of human brain specimens using anti-nC3 and anti-C3b chain antibodies. We raised an antibody against a synthetic peptide whose sequence corresponded to the peptide sequence covering the C3a-C3b cleavage site by C3 convertase (Fig. 3A) . By immunoprecipitation-Western blot analysis, we confirmed the specificities of these anti-nC3 and antiC3b chain antibodies against nC3 (noncleaved C3) and the C3b active form, respectively (data not shown). Senile plaques exhibited colocalization of aC3 and Ab 42 in the hippocampi of definite AD patients (Fig. 3B) . Lower levels of nC3 were observed in the hippocampi of AD patients than in those of non-AD patients (Fig. 3C) . The positive areas stained by anti-nC3 and anti-C3b in non-AD (n 5 9) and definite AD (n 5 20) brain sections were analyzed by imaging software. Lower levels of nC3 and higher levels of aC3 were observed in the hippocampi of definite AD patients than in those of non-AD patients (Fig. 3D) .
Discussion
Blood-based biomarkers could allow us to identify cognitive decline at the early stages and to monitor improvements in cognitive function after intervention. In this study, a combination of apoA-I, aC3/nC3, and TTR was found able to discriminate MCI from NDC with a high ROC value. Brain atrophy in the medial temporal lobe was associated with decrease in apoA-I and HDL levels, and significantly lower apoA-I, HDL, and TC levels were observed in patients with severe reductions in rCBF as determined by SPECT.
In this study, Petersen's and DSM-IV criteria were used to diagnose MCI and AD, respectively. Subjects with MCI were further classified into EMCI and LMCI based on the MMSE score and objective neuroimaging parameters obtained by MRI and SPECT. We used an MMSE score of 27 as the cutoff value between EMCI and LMCI. An MMSE score below 24 has primarily been used as the cognitive deficit cutoff for dementia [8, 9] . Iwasa H et al. reported that subjects with an MMSE score of 24-27 indicated higher risk for dementia [9] . Hippocampal atrophy and rCBF were included in the classification of EMCI and LMCI. Volumetric measurements of medial temporal atrophy are a sensitive marker for AD, and hippocampal volume correlates with the density of neurofibrillary tangles and CSF t-tau and p-tau in AD [10] . In subjects with Ab deposition, entorhinal cortex atrophy detected by MRI significantly correlated with cognitive decline [11] . Combined decreased parietal rCBF and abnormal CSF tau in patients with MCI indicates a substantially increased risk of future development of AD [12, 13] . Thus, medial temporal atrophy and rCBF reduction could be used for the assessment of the early stages of cognitive decline.
More than 80% of patients with AD exhibit cerebral amyloid angiopathy [14, 15] , and a strong correlation between vascular risk factors and sporadic AD has been noted. Recently, multifactorial data-driven analysis used amyloid positron emission tomography, functional and ApoA-I HDL Fig. 2 . Serum levels of proteins associated with Ab clearance and cholesterols associated with reduced rCBF and atrophy of the medial temporal structures. (A) Serum levels of apoA-I and HDL were correlated with the medial temporal structure volume, including the entire region of the entorhinal cortex, hippocampus, and amygdala, as detected by VSRAD. MRI data were analyzed visually and by voxel-based morphometry techniques to detect regional volume changes. (B) Changes in apoA-I, aC3, nC3, aC3/nC3, TTR, triple-marker, HDL, and TC levels with reduction of rCBF were evaluated by SPECT. Abbreviations: aC3, active form of C3; nC3, native form of C3; TC, total cholesterol; TTR, transthyretin; rCBF, reduced cerebral blood flow; VSRAD, voxel-based specific regional analysis system for Alzheimer's disease; SPECT, single-photon emission tomography. structural MRI, and Arterial Spin Labeling imaging from the Alzheimer's Disease Neuroimaging Initiative and suggested that cerebral vascular dysregulation was an early pathological event and that lipid metabolism dysfunction, inflammatory activation, and insulin resistance were involved in sporadic AD pathogenesis [16] . We observed decreased serum levels of apoA-I, HDL, and TC in patients with cognitive dysfunction and lower MMSE scores. ApoA-I plays an important role in cholesterol transfer and is transported from the periphery to the CSF. Injected apoA-I in the periphery gains access to the central nervous system via the choroid plexus [17] . Among the apolipoproteins, the peripheral apoA-I level is one of the strongest risk factors for cognitive decline [18] . The apoA-I protein prevented Ab 40 and Ab 42 aggregation and induced toxicity in primary brain cells in AD model mice [19] . ATP-binding cassette transporter A1 (ABCA1) mutation caused virtual absence of apoA-I and HDL, and ABCA1 knock-out mice exhibited decreased apoE levels and increased Ab deposition in the brain [20] . Overexpression of apoA-I attenuated neuroinflammation and cognitive function in an AD mouse model [21] . APOE ε4 carriers who had subjective cognitive decline with low plasma apoA-I and high CSF apoA-I levels had increased risk of clinical progression of AD [22] . Thus, a decrease in the peripheral apoA-I level may be one of the earliest events in AD progression, even earlier than Ab deposition commences in the brain.
Lower levels of HDL are considered a risk factor for atherosclerotic diseases. Peripheral apoA-I is strongly related to HDL cholesterol. Ab clearance is facilitated by circulating HDL. These data suggest that peripheral cholesterol and apolipoproteins might be involved in Ab deposition in AD pathogenesis [23] . Indeed, individuals affected by MCI and dementia have significantly lower levels of peripheral HDL [24, 25] . Yasuno et al. reported that significantly higher HDL concentrations were associated with better cognitive function in an APOE ε4-negative group of subjects in a cohort study [26] . The association between higher LDL and lower HDL cholesterol levels and a higher Pittsburgh Compound-B index in amyloid positron emission tomography (indicating Ab burden) has been reported [27] . Higher levels of HDL may reduce the risk of late-onset AD [28] .
APOE ε4 gene polymorphism is risk factor for AD [29] . We investigated the relationship between the presence of APOE ε4 and Ab clearance protein levels in this study. The APOE ε41 group had lower serum levels of apoE, apoA-I, and HDL than did the APOE ε42 group. APOE ε4 affects the ability to eliminate soluble Ab from the brain [30] and is less effective than APOE ε2 in promoting Ab transportation [23] . ApoA-I, apoE, and HDL may synergize to facilitate Ab transport across human cerebral vessels. Abbreviations: SPECT, single-photon emission tomography; rCBF, reduced cerebral blood flow; VSRAD, voxel-based specific regional analysis system for Alzheimer's disease; nC3, native form of C3; aC3, active form of C3; TTR, transthyretin; TC, total cholesterol; TG, triglyceride; BS, blood sugar.
*Kruskal-Wallis test. Significant differences among 3 groups (SPECT A, B, and C) are indicated. Holm-Bonferroni test. Significant differences in SPECT A versus C were observed in apoA-I (P 5 .00296), aC3 (P 5 .02468), C3 ratio (aC3/nC3) (P 5 .01468), HDL (P 5 .00712), TC (P 5 .00689), triple-marker score (ApoA-I, TTR, nC3) (P 5 .00154), and triple-marker score (ApoA-I, TTR, aC3/ nC3) (P 5 8.7E-04).
x Holm-Bonferroni test. Significant differences in SPECT B versus C were observed in apoA-I (P 5 .00231), aC3 (P 5 .02209), C3 ratio (aC3/nC3) (P 5 .03181), triple-marker score (ApoA-I, TTR, nC3) (P 5 .01139), and triple-marker score (ApoAI, TTR, aC3/nC3) (P 5 .00239).
Complement is an important component of innate immunity in the central nervous system. A proteolytic cascade of downstream complement proteins results in C3-induced opsonization and phagocytosis for Ab clearance. In this study, the preliminary immunohistochemistry data from the hippocampal analysis were indicative of activation of C3 in the AD brain. In the later stages of AD, an enhanced inflammatory response and activation of terminal membrane attack complex C5b-9 may contribute to neuronal cell death, which leads to synaptic failure [31] [32] [33] .
In the peripheral circulation, Ab could activate the complement system. Erythrocytes express cell-surface complement receptor 1, which recognizes complementopsonized Ab. Erythrocyte-captured Ab 42 levels were significantly lower in AD than MCI and NDC and correlated with lower MMSE scores. Erythrocyte-mediated Ab migrates to the liver and is removed by clearance via Kupffer cells [34, 35] . Lower levels of serum TTR were related to lower MMSE scores in this study. Several previous reports have observed reduced TTR plasma levels in patients with MCI and AD [5, 36] . TTR has been reported to be linked to AD pathogenesis because of its ability to sequester Ab 40 and Ab 42 and suppress Ab fibrillation [37, 38] . TTR was found to increase Ab 42 efflux from the brain to the periphery, and to regulate LDL-receptor-related protein 1 expression.
This study has limitations. The relationship between the triple markers and Ab load was not clarified. The serum levels of these biomarkers involved in Ab clearance during AD pathological change detected by amyloid positron emission tomography should be analyzed in future study.
Reduced serum levels of apoA-I and TTR with an increased aC3/nC3 ratio might indicate dysregulation of 
Anti-nC3
Anti-nC3
Anti-C3 β chain Anti-C3 β chain Ab clearance, and these conditions may contribute to the progression of cognitive impairment and atrophy of the medial temporal structures and hypoperfusion of rCBF. ApoA-I, TTR, and complement protein profiles are potential blood-based biomarkers for the assessment of the early stages of cognitive decline.
